Stereodefined enol derivatives of R-branched aldehydes (4) represent valuable building blocks for organic synthesis, but limited access to them has compromised their utility. They are most often prepared from the corresponding aldehyde, although these approaches generally afford mixtures of olefin stereoisomers.
1 Furthermore, current strategies for obtaining the R-substituted aldehydes themselVes are limited in reaction scope and require multiple synthetic operations. 2 An alternative synthesis of trisubstituted enol derivatives might involve tandem carbometalation-oxygenation of terminal alkynes (Scheme 1). In this regard, we previously documented the carbocupration-oxygenation of terminal alkynes, in which a vinyl copper intermediate (2, M ) Cu) was oxidized with t BuOOLi. 3 Electrophilic trapping of the resultant E-enolate (3) generated E-enol esters and silanes. However, methylsubstituted products were not accessible by this method because methyl-cupration of alkynes is not efficient. 4 Accordingly, we sought a general method for obtaining methyl-substituted enol esters and ethers (4, R′ ) Me). As described below, we have accomplished this objective and have begun to explore the asymmetric transformations of stereodefined enol derivatives.
Negishi's catalytic methylalumination reaction provides a complementary method for carbometalation.
5 Methylalumination-oxygenation of monosubstituted olefins has been reported, 6 but analogous chemistry of alkynes is unknown. Since trialkyl alanes are oxidized cleanly with molecular oxygen, our initial investigations aimed to oxidize alkenyl aluminum intermediates (5, Table 1) with O 2 . These experiments proved unsuccessful as incomplete conversion and overoxidation limited yields. Results with the oxenoid t BuOOLi were more promising. 7 With this reagent, we observed 65% conversion of vinylalane 5a (R ) n-C 10 H 21 ) to the corresponding aldehyde (E + ) H) with 2-methyl-1-dodecene accounting for the remainder of the starting material. Further evaluation of peroxymetal oxidants revealed that peroxyzinc reagents EtZnOO t
Bu and MeZnOO t
Bu effected the oxidation of 5a to the corresponding aldehyde with 85% and 98% conversions, respectively. Thus when 5a was oxidized with freshly prepared MeZnOO t Bu (1.3 equiv to AlMe 3 ) at 0°C and subsequently trapped with Bz 2 O, enol benzoate 4a was obtained in 78% isolated yield (Table 1 , entry 1). Zinc peroxides have been used in epoxidation reactions, 8 but, to the best of our knowledge, they have not been used previously to oxidize carbanions.
The methylalumination-oxygenation reaction tolerates considerable functionality including protected and free alcohols, heterocycles, and olefins. 9 Electrophilic trapping is not limited to benzoylation: enol acetates and TES enol ethers (entries 9-14) were prepared in high yields as well. Furthermore, in every case studied to date, the enol derivative has been isolated as a single regioisomer with a high E-isomer content (all E/Z ratios >20/1).
10
Trisubstituted, stereodefined enol derivatives of this type were previously inaccessible, and their ready availability allowed us to explore new chemistry and evaluate their synthetic utility. In particular, we envisioned an entry to chiral R-hydroxy aldehydes (7) and 1,2-diols (8) by employing the enol benzoates in catalytic asymmetric dihydroxylation (AD) reactions.
11, 12 As expected, the enol benzoate substrates afforded dihydroxylated products in high enantiomeric purity b Isolated yields (chromatography not necessary for entries [9] [10] [11] [12] [13] [14] .
c Catalytic n Bu3P added.
d BzCl was added after benzoylation of the enolate. See Supporting Information for complete experimental details.
( Table 2 , all entries g94% ee from 4). In contrast, many 1,1-disubstituted olefins (6) are poor substrates for AD; therefore, AD of the enol benzoates, followed by a reductive workup with NaBH 4 , presents a highly enantioselective route to these substances. Of note, controlling stereochemistry of the olefin is critical: a 9:1 E/Z mixture of 4a was converted to 8a in 81% ee under the conditions outlined in Table 2 . The utility of the AD reaction was exemplified in the total synthesis of the insect pheromone (+)-frontalin (10, Scheme 2). 13 Enol benzoate 9 was treated consecutively with AD-mix and [Me 4 N]BH(OAc) 3 to yield (+)-frontalin in 93% ee and in 49% overall yield from the commercially available alkyne 1i. In comparison, the 1,1-disubstituted olefin 11 was dihydroxylated with poor selectivity and in low yield with AD-mix .
The enantioenriched R-hydroxy aldehydes obtained from the dihydroxylations are useful materials for further synthetic manipulation (Scheme 3). For example, following AD, an Ohira-Bestmann homologation of aldehyde 7b provided propargylic alcohol 12 in 77% yield. Reductive amination of 7b proceeded smoothly to yield the corresponding amino alcohol (13, 84% yield).
14 Alternatively, the same starting material (7b) could be oxidized to its methyl ester (14, 92%), 15 or undergo olefination to afford an R, -unsaturated ester (15, 68%, E:Z ) 14.3:1). 16 Tandem carbometalation-oxidation is not limited to carbon-oxygen bond formation. Indeed, in preliminary experiments we found that vinyl alane 5 could be aminated in high yields with azodicarboxylates (Table  3) . 17 Hydrogenation and deprotection of 16f provided the free amine in >90% yield. 18 With access to stereodefined enol and enamine derivatives, future studies will seek to engage these materials in a variety of asymmetric transformations. 
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